Neisseria meningitidis is the leading worldwide cause of epidemic meningitis and fatal sepsis in otherwise healthy individuals. Over 500,000 meningococcal cases occur each year, a number that is frequently accentuated by large epidemic outbreaks (48) . Among the important virulence factors involved in meningococcal pathogenesis, endotoxin or lipooligosaccharide (LOS) is believed to be a major component inducing the proinflammatory response of meningococcal sepsis and meningitis (25) .
Meningococcal LOS is structurally related to lipopolysaccharide (LPS) of enteric gram-negative bacilli but does not have repeating O-antigens. LOS and LPS have conserved inner cores composed of heptose and 3-deoxy-D-manno-octulosonic acid (Kdo), which are anchored in the outer membrane by lipid A (33) . Lipid A of many enteric pathogens is composed of a ␤-1Ј,6-linked disaccharide of glucosamine acylated with four ␤-hydroxymyristates (2, 3, 2Ј, 3Ј) and two acyloxyacyl linkages, laurate and myristate, at the 2Ј and 3Ј positions, respectively (33) . Lipid A of N. meningitides, however, differs from Escherichia coli lipid A in both the acylation and the chain length of the fatty acid residues. Meningococcal lipid A is acylated with ␤-hydroxymyristate (2, 2Ј) and ␤-hydroxylaurate (3, 3Ј), and the acyloxyacyl linkages consist of two laurate residues coupled to the N-linked hydroxymyristates (27) . In E. coli or Salmonella enterica serovar Typhimurium, lipid A alone is not compatible with survival, and a defect in either Kdo biosynthesis or Kdo transferase causes temperature sensitivity of growth and results in accumulation of the tetra-acylated precursor, lipid IV A (13, 14, 32, 37, 38, 45) . Thus, the minimal LPS structure that results in viability is lipid A glycosylated with two Kdo residues (Re endotoxin) (1) .
Extensive studies of the biosynthesis pathway of LPS in E. coli have established that addition of the two Kdo residues to the tetra-acylated lipid IV A structure is required before addition of two acyloxyacyl fatty acids (33) . The Kdo transferase, encoded by the kdtA gene, catalyzes the addition of Kdo residues using CMP-Kdo (9) . Endotoxins of different bacterial species contain various numbers of Kdo residues, and KdtA mediates the addition of one, two, or more Kdo residues. For example, KdtA of E. coli catalyzes the addition of two Kdo sugars, while KdtA of Haemophilus influenzae is responsible for the addition of a single Kdo sugar (19) and KdtA of Chlamydia trachomatis mediates the coupling of three Kdo sugars to lipid IV A (2) . In E. coli kdtA is essential since the survival of a strain with a chromosomal kdtA::kan allele is dependent upon the presence of a functional copy of kdtA supplied in trans (1) . The model of lipid A assembly, however, is not valid for all gram-negative bacteria. Here we report that a nonpolar kdtA mutant of N. meningitidis is viable and expresses a fully acylated lipid A without Kdo.
primer YT82 and 3Ј primer YT81. This PCR product was cloned into pCR2.1 using a TA cloning kit (Invitrogen). The insert was released by EcoRI digestion and then subcloned into an EcoRI site of pUC18 to obtain pYT243. A fragment (754 bp) within the kdtA sequence of pYT243 was removed by BssHII digestion, and the remaining vector was gel purified and blunted with the Klenow fragment. This BssHII Klenow fragment-treated pYT243 fragment was subsequently ligated with the aphA-3 (Km r ) cassette released from pUC18K (28) by SmaI digestion. The orientation of the aphA-3 cassette was determined by colony PCR analysis with primers KanC (3Ј end of the aphA-3 cassette) and YT81, and a transformant with the correct insertion was saved (pYT249). In-frame fusion of the aphA-3 cassette with kdtA was confirmed by automatic fluorescent sequencing at the Emory DNA Core Facility. Meningococcal strain NMB or the capsuledeficient strain M7 (44) was transformed with ScaI-linearized pYT249, and allelic exchange yielded kanamycin-resistant colonies, which were confirmed by colony PCR analyses to contain the kdtA::aphA-3 mutation.
Construction of meningococcal shuttle vector pYT250. The DNA fragment of a gonococcal cryptic plasmid was released from pEG2 (7) by HindIII digestion, purified by agarose gel electrophoresis, and cloned into the unique HindIII site of a derivative of pCR2.1 (Invitrogen) in which the ampicillin resistance gene had been deleted by BsaI and ScaI digestion. The resulting plasmid, pYT237, was then cut with XbaI and NcoI to remove the kanamycin resistance gene. The vector fragment was purified, treated with the Klenow fragment, and then ligated with an EcoRI fragment (blunted with the Klenow fragment) of the erythromycin resistance gene, ermC, obtained from pAermCЈG (52) to obtain pYT250.
Complementation. Primers YT91 and YT92 were used to amplify the coding sequence of kdtA from chromosomal DNA of meningococcal strain NMB, while primers YT93 and YT94 were used to obtain kdtA from E. coli K-12 strain DH5␣. The amplicons were digested with HindIII and BglII and then ligated with pFlag-CTC (Sigma), which had been cut with the same enzymes. In the resulting plasmids, pYT268 and pYT269, kdtA of N. meningitidis and E. coli, respectively, were under the control of a tac promoter and fused with an octapeptide Flag tag. A ϳ4.6-kb fragment containing lacI, the tac promoter, and the kdtA coding sequence was released from pYT268 by BglI digestion, blunted with the Klenow fragment, and subcloned into the EcoRV site of a shuttle vector, pYT250, to generate pYT271. Because of the presence of a BglI site within the E. coli kdtA coding sequence, the same fragment was amplified from pYT269 by PCR using Vent polymerase (New England Biolabs) and primers YT80 and YT83. The PCR product was phosphorylated with T4 kinase and cloned into the EcoRV site of pYT250 to obtain pYT274.
Plasmids used for complementation were first methylated with HaeIII methylase (New England Biolabs) according to the manufacturer's protocol, and the reaction mixture was used directly for transformation. Transformation of meningococcal strain NMB was done by following the procedure of Janik et al. (22) . Erythromycin-resistant transformants were selected, and colony PCR performed with vector-specific primers YT79 and YT80 confirmed the presence of the plasmid-encoded kdtA gene. The strains carrying pYT271 and pYT274, designated NMB271 and NMB274, respectively, were subsequently transformed with linearized pYT249, and transformants with both erythromycin and kanamycin resistance were selected.
Chromosomal DNA isolation and Southern blotting. Meningococcal chromosomal DNA was prepared by the method of Nath (30) . A Genius 2 DNA labeling and detection system (Boehringer Mannheim) was used to perform DNA hybridization. The digoxigenin-labeled probe used for detecting kdtA was generated by a random primed labeling reaction in which the YT81-YT82 PCR product was as the template and the probe for the aphA-3 cassette was made from the purified cassette fragment released from pUC18K by SmaI restriction. Chromosomal DNA was digested with PvuII overnight and resolved on a 0.7% agarose gel. DNA was transferred to a nylon membrane by using a Turboblotter apparatus (Schleicher & Schuell). Hybridization and development of the Southern blots were performed by using the manufacturer's protocol.
Western blotting. Meningococcal strains grown overnight on appropriate selection plates were suspended in phosphate-buffered saline, and the optical density at 550 nm was determined. An aliquot of a cell suspension with an optical density at 550 nm of 0.25 (ϳ1.25 ϫ 10 8 cells) was mixed with equal volume of 2ϫ sodium dodecyl sulfate (SDS) loading buffer and boiled for 5 min before it was loaded onto a 1.5-mm-thick SDS-12% polyacrylamide gel electrophoresis Miniscale LOS extraction and Tricine-SDS-PAGE analysis. A minigel consisting of a 16% polyacrylamide separating gel, a 10% polyacrylamide spacer gel, and a 4% polyacrylamide stacking gel using the Tricine-SDS-PAGE system (40) was employed to resolve crude LOS samples prepared by protease K digestion of whole-cell lysates. Briefly, a few single colonies were suspended in distilled water, and the approximate protein concentrations were determined by Bradford assays (Bio-Rad) using bovine serum albumin as the standard. The protein concentration of the cell suspension was then adjusted to 1 g/l. A digestion mixture consisting of 8 l of cell suspension, 28 l of 2% SDS in TE buffer (10 mM Tris [pH 8.0], 1 mM EDTA), and 8 l of proteinase K (25 mg/ml in 20% glycerol-500 mM Tris [pH 8.0]-10 mM CaCl 2 ) was incubated at 60°C overnight and quenched by adding 38 l of a loading dye solution (1 M Tris, 10% glycerol, 2% SDS, 5% ␤-mercaptoethanol, 0.05% bromophenol blue). The samples were heated at 95°C for 5 min before loading. After electrophoresis, the gels were fixed in a solution containing 40% ethanol and 5% acetic acid overnight and subsequently silver stained (20) .
Preparation of LOS. Strain NMB249 was grown on BHI medium plates with kanamycin selection overnight and used to inoculate 600 ml of BHI broth. The culture was grown for 6 to 7 h at 37°C with shaking; then 100 ml of the culture was added to 1 liter of fresh BHI broth, and the culture was allowed to grow overnight. Six liters of cells was harvested by centrifugation, and the cell pellet was dried in a SpeedVac (Savant). The dried cells were processed by the procedure described by Kahler et al. (23) . The extraction solvent consisted of 90% phenol, chloroform, and petroleum ether (2:5:8).
In order to structurally characterize the LOS, further purification was necessary since the LOS extracted with 90% phenol-chloroform-petroleum ether (2:5:8) copurified with significant levels of phospholipids. The phospholipids were removed by suspending the LOS in ethanol-water (9:1, vol/vol), stirring the preparation constantly for 30 min at room temperature, and centrifuging it at 10,000 ϫ g in a JA-20 rotor (Beckman) at 4°C for 15 min. The supernatant was removed, and the pellet was extracted repeatedly until no more phospholipid was found in the supernatant. The level of phospholipid was determined by determining the amounts of C16:0, C16:1, and C18:1 fatty acids present since these fatty acids are characteristic of the phospholipids (11). The resulting pellet was suspended in water and freeze-dried.
Compositional analysis of lipid A from mutant NMB249. Compositional analysis was performed by preparation and combined gas chromatography-mass spectrometry (GC-MS) analysis of trimethylsilyl methyl glycosides with N-acetylation and of fatty acid methyl esters (10) . For determination of Kdo, lipid A was methanolyzed with methanolic 1 M HCl at 80°C for 4 h (11). Ester-linked fatty acids were selectively liberated from a vacuum-dried sample by alkaline transesterification with sodium methoxide (0.25 M, 37°C, 15 h) (4). Combined GC-MS analysis was performed using a 50-m methyl silicone column from Quadrex Corporation.
Methylation analysis. Methylation was carried out by using the method of Ciucanu and Kerek (8) . The permethylated product was purified by using a Sep-Pak C 18 cartridge (49) and then hydrolyzed with 2 M trifluoroacetic acid (120°C, 2 h), reduced with NaBH 4 or NaB 2 H 4 , acetylated, and analyzed by combined GC-MS.
Dephosphorylation of lipid A. Lipid A was placed in a 15-ml polypropylene tube. The sample was treated with cold aqueous 48% hydrogen fluoride (HF) and kept for 48 h at 4°C (26) . The HF was removed by flushing under a stream of air, followed by addition of diethyl ether (600 ml) and drying with a stream of air. The diethyl ether and drying steps were repeated three times. The resulting residue was suspended in deionized water, dialyzed at 4°C for 48 h, and finally freeze-dried.
MS. Oligosaccharides were analyzed by matrix-assisted laser desorption ionization-time of flight (MALDI-TOF) MS by using a Hewlett-Packard LD-TOF system. The oligosaccharides were dissolved in distilled water at a final concentration of 2 g/l, and 1 l was mixed with the matrix (dihydroxybenzoic acid in methanol) for analysis.
Tandem MS-MS analysis was performed by using a Q-TOF hybrid mass spectrometer (Q-TOFII; Micromass, Manchester, United Kingdom) equipped with an electrospray source (Z-spray) operated in either the positive mode or the negative mode. The samples were dissolved in methanol-chloroform (1:1) and infused into the mass spectrometer with a syringe pump (Harvard Apparatus, Cambridge, Mass.) at a flow rate of 5 l/min. A potential of approximately 3 kV was applied to the capillary, and nitrogen was employed as both the drying gas and the nebulization gas. NaI and Glu-fibrinopeptide B were used as calibration standards in the negative and positive modes, respectively. In the MS analysis the Q1 was operated in RF-only mode with all ions transmitted into the pusher region of the time of flight analyzer, and the MS spectrum was recorded from m/z 400 to 2,000 with a 1-s integration time. For MS-MS spectra, the transmission window of the quadrupole (Q1) was set to about 3 mass units, and the selected precursor ions were allowed to fragment in the hexapole collision cell. The collision energies (40 to 55 eV) were optimized for maximized product ion yield, and argon was used as the collision gas. The MS-MS data were integrated over a period of 4 to 5 min for each precursor ion.
Electron microscopy. Plate-grown bacteria were fixed in a solution containing 1.25% glutaraldehyde, 3.84% paraformaldehyde, and 2% dimethyl sulfoxide. Two microliters of a sample was applied to the grid surface and allowed to settle onto the surface for 5 min. Negative staining was performed with 1% ammonium phosphotungstic acid for 15 s, and the samples were analyzed with a Philips CM-10 transmission electron microscope. Fixed bacterial samples were treated with 0.01% tannic acid and then washed with cacodylate buffer before a 60-min poststaining treatment with 1% osmium tetraoxide. After samples were dehydrated with a graded ethanol wash series, they were embedded in Epon for thin-section electron microscopy.
RESULTS
Construction of the chromosomal kdtA::aphA-3 mutation in N. meningiditis. The kdtA gene (NMB0014) was identified from the serogroup B meningococcal MC58 genome (47) . The gene is located downstream of gnd and lpxC and is followed by the genes for two hypothetical proteins and murA, all transcribed in the same orientation (Fig. 1) . This organization differs from that of the E. coli genome, in which kdtA is transcribed divergently from the rfa operon (33). The MC58 sequence was used to design primers and clone kdtA from the meningococcal serogroup B strain NMB. An internal fragment of kdtA was removed by BssHII digestion and replaced with a nonpolar kanamycin resistance aphA-3 cassette to generate plasmid pYT249. Inactivation of the chromosomal copy of kdtA in meningococcal strain NMB was accomplished via transformation with linearized pYT249. The allelic exchange yielded viable kanamycin-resistant transformants. Correct incorporation of the aphA-3 cassette into kdtA in one of these transformants, strain NMB249, was confirmed by PCR, Southern blotting, and sequencing analysis. Analogously, a kdtA mutation was created in a capsule-deficient derivative of strain NMB, M7.
Reduced growth rate and electron microscopy analysis of the kdtA mutant. The meningococcal kdtA mutant (NMB249) formed small wrinkled colonies on either BHI or GC agar plates. The growth of mutant NMB249 was assessed in BHI broth and was slower than that of the wild-type strain (the growth rate was ϳ25% that of the parent strain) (Fig. 2) . The on October 1, 2017 by guest http://jb.asm.org/ morphology of this mutant was also examined by transmission electron microscopy. Thin sections of the kdtA mutant revealed bacteria with thickened, incomplete septum separation, often in tetrads (Fig. 3) . Analysis of LOS composition. To examine LOS in the kdtA mutant, proteinase K-treated whole-cell lysates were prepared and resolved by Tricine-SDS-PAGE. Silver staining revealed wild-type LOS in the parent strain but no stainable LOS in the mutant (see Fig. 7B, lane 2) . Since the meningococcal Re endotoxin structure (Kdo 2 -lipid A) and larger structures can be visualized by silver staining (24, 41) , the results obtained with the kdtA mutant indicated that Kdo was likely absent in the LOS of strain NMB249. This finding was consistent with inactivation of the Kdo transferase. To determine the precise endotoxin structure in the kdtA mutant, the kdtA mutant was subjected to phenol-chloroform-petroleum ether extraction for endotoxin isolation (23) , and the LOS recovered was subjected to a detailed structural analysis.
Fatty acid analysis of the LOS revealed the presence of approximately equal molar amounts of dodecanoic acid (C12:0; 1,050 nmol/mg), 3-hydroxydodecanoic acid (3-OH C12:0; 1,000 nmol/mg), and 3-hydroxytetradecanoic acid (3-OH C14:0; 975 nmol/mg). A small amount of palmitic acid (C16:0) was also observed, which was not part of the LOS and perhaps was due to the presence of a low level (ϳ7%) of contaminating phospholipid. The same fatty acyl residues were present at the same ratio in HF-treated LOS, except that in this case a significant level of N-acetylglucosamine (GlcNAc) was also detected (945 nm/mg). Assuming a normal lipid A structure which would have 2 mol of GlcN per mol of lipid A, we concluded that there were a total of 6 mol of fatty acid per mole of lipid A (i.e., approximately 2 mol each of C12:0, 3-OH C12:0, and 3-OH C14:0). After treatment of lipid A with sodium methoxide, C12:0 and 3-OH C12:0 were quantitatively liberated as methyl esters, showing that they had been exclusively ester linked. The mild-alkaline-treated lipid A was subjected to strong alkaline hydrolysis, which released only 3-OH C14:0 and proved that this was the amide-bound fatty acyl residue. Thus, the composition analysis suggested that NMB249 produces an LOS with the lipid A expected for N. meningitidis. However, what proved to be very unusual was that the LOS contained no detectable glycosyl components other than the GlcN that was derived from the lipid A. In fact, not even a detectable level of Kdo was present in the LOS preparation.
MALDI-TOF mass analysis of LOS. The results described above suggested that the LOS from NMB249 consisted only of lipid A since no glycosyl residues could be detected and since the LOS had the fatty acylation pattern typical of N. meningitidis lipid A. Further structural analysis by MS confirmed this conclusion. Lipid A from two different NMB249 preparations was analyzed by MALDI-TOF MS. The results are shown in Fig. 4 
. The [M-H]
Ϫ ions varied somewhat between the two preparations, probably due to slight variations in the growth conditions. These ions were m/z 1836, 1756, 1713, 1633, 1574, 1558, 1451, and 1435. If both LOS preparations were considered, the major species were m/z 1756 and 1713, followed by m/z 1633; the different molecular ions were due to variations in phosphate, phosphoethanolamine (PEA), and fatty acyl substitution patterns. Table 2 shows the proposed composition of each ion together with the calculated ion masses. All of the molecular species observed were consistent with the conclusion that the LOS consisted only of lipid A and did not contain any detectable Kdo or core glycosyl residues. The data also support the conclusion that the major LOS molecular species contained the normal lipid A fatty acid components. Much of the heterogeneity was removed by treatment of the LOS with aqueous HF (26) , which removed all phosphate substituents. Analysis of phosphate substitutions in lipid A. The MALDI-TOF results described above showed that several molecular species lacked one phosphate and varied in the presence or absence of one PEA substituent. In species that lacked one phosphate group, it was necessary to determine if the second phosphate group was the glycosidically linked phosphate or the 4Ј phosphate. Therefore, the LOS was methylated, and partially methylated alditol acetates (PMAAs) were prepared and analyzed by GC-MS. In this procedure the GlcN residues that are phosphorylated at the 4Ј position retain the phosphate in their PMAA derivative and are not observed during GC-MS analysis, while the reducing-end GlcN or GlcN-1-phosphate residues of the lipid A are observed as the PMAA of 6-linked GlcN (35) . The results showed that only 6-linked GlcN was present, which was derived from the lipid A reducing-end GlcN residue. Since there was no detectable terminally linked GlcN, these results support the conclusion that the 4Ј position in all of the LOS molecules is phosphorylated and, therefore, the species that lack phosphate are missing the glycosidically linked phosphate residue. Several of the LOS species contain a single PEA substituent. The location of this residue would be either as a PEA-P-4Ј-GlcN-substituent or as a -GlcN-1-P-PEA substituent. Mild acid hydrolysis of the LOS with 1% acetic acid at 100°C for 1 h would convert -GlcN-1-P-PEA to -GlcN but would leave PEA-P-4Ј-GlcN intact. MALDI-TOF MS analysis of the LOS after mild acid hydrolysis showed that there were two ion species, m/z 1756 and 1633, due to molecules with a single P-PEA substituent and a single -P substituent, respectively. Thus, it is likely the PEA group, when it is present in the LOS, exists as a P-PEA group at the 4Ј position.
The structure of the LOS after removal of the phosphate substituents was further analyzed by tandem MS-MS analysis (Fig. 5A) in Fig. 5B . The remaining fragments are due to the loss of ␤-hydroxylaurate, ␤-hydroxylauryl, or laurate from several of the primary fragments. A scheme showing how these ions might arise is given in Fig. 5C . This fragmentation pattern is completely consistent with the typical symmetrically acylated lipid A reported for N. meningitidis.
From the results described above, it is clear that the LOS of the kdtA mutant consists primarily of lipid A that is not glycosylated but has variable phosphorylation. There are also minor molecular species present that lack either a lauryl or ␤-hydroxylauryl substituent. The structures of the major lipid A structures of this mutant are shown in Fig. 6 .
Complementation of mutant NMB249 with kdtA from N. meningitidis and E. coli. To confirm that the phenotype of the NMB249 mutant was caused by inactivation of KdtA and to test whether KdtA of E. coli can substitute for the meningococcal KdtA, we performed complementation experiments using a meningococcal shuttle vector, pYT250. Based on the meningococcal MC58 genome and the E. coli K-12 genome, kdtA was amplified from N. meningitidis NMB and E. coli DH5␣ and cloned into pYT250 to generate pYT271 and pYT274, respectively, as described in Materials and Methods. The second copy of kdtA was constructed so that it was controlled by a tac promoter to avoid possible promoter effects. A 
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Flag octapeptide tag (DYKDDDDK) was also incorporated into the C termini of the KdtA proteins encoded on the shuttle vectors so that KdtA expression in meningococci could be monitored. Plasmids pYT271 and pYT274 were first introduced into parent meningococcal strain NMB, generating Em r transformants. To introduce the kdtA mutation, these strains were subsequently transformed with linearized pYT249, and Em r / Km r transformants were obtained. Transformants were selected in which colony PCR analyses with chromosome-specific primers confirmed insertion of the aphA-3 cassette into the chromosomal copy of kdtA and PCR analyses with shuttle vector-specific primers confirmed that the second copy of kdtA was intact. In addition, Southern blotting was performed with probes specific for meningococcal kdtA or the aphA-3 cassette, and the results showed that insertion of the aphA-3 cassette was correct (Fig. 7A) .
To confirm complementation, proteinase K-treated wholecell lysates were prepared from parent strain NMB, mutant strain NMB249, and two independent transformants of the complemented strains, NMB249/271 and NMB249/274. Tricine-SDS-PAGE analysis of the LOS samples (Fig. 7B) demonstrated that a wild-type LOS phenotype was restored by introduction of either the meningococcal or E. coli kdtA. Expression of Flag-tagged KdtA proteins from the shuttle vector in strains NMB249/271 and NMB249/274 was demonstrated by immunoblotting (Fig. 7C) .
DISCUSSION
LPS biosynthesis in E. coli and other enteric bacteria has been extensively studied and has been used as a paradigm to infer steps in endotoxin assembly and the requirement for Kdo 2 -lipid A for viability of other gram-negative bacteria. However, endotoxin assembly and the minimal structure in N. meningiditis are distinct from endotoxin assembly and the minimal structure in E. coli. Previously, Steeghs et al. have shown that meningococci can be viable without any endotoxin (43) . Furthermore, we showed in this study that meningococci that express only lipid A can survive. In contrast to E. coli, the Kdo transferase KdtA was not essential in N. meningitidis. In addition, the kdtA meningococcal mutation resulted in synthesis of fully acylated lipid A without Kdo glycosylation, indicating that meningococcal lipid A biosynthesis differs from lipid A biosynthesis in enteric gram-negative bacteria.
In E. coli and Salmonella, the Kdo transferase KdtA functions upstream of the late acyltransferases responsible for the linkage of acyloxyacyl chains. As the late acyltransferases, HtrB (LpxL or WaaM) and MsbB (LpxM or WaaN) exhibit much higher reactivity for Kdo 2 -lipid IV A (6); consequently, lipid IV A is the major component that accumulates in all mutants with defects in Kdo (either biosynthesis or transfer). Expression of completely acylated lipid A in the meningococcal kdtA mutant suggests that the late acyltransferases in N. meningitidis can act on lipid IV A substrates without a Kdo linkage. The meningococcal late acyltransferases, which are HtrB and MsbB homologues, may have similar reactivities for both lipid IV A and Kdo 2 -lipid IV A . Alternatively, the late acyltransferases may prefer lipid IV A as a substrate and function prior to KdtA in meningococci. These two possibilities can be distinguished only by in vitro assays.
The only other example of incorporation of acyloxyacyl chains into lipid A prior to addition of Kdo is found in Pseudomonas aeruginosa (15, 29) . Inhibiting the function of the CMPKdo synthetase with a synthetic compound in P. aeruginosa results in inhibition of bacterial growth and accumulation of fully acylated lipid A (15). Lipid A from P. aeruginosa contains ␤-hydroxydecanoate (␤-OH C10:0) at the 3 and 3Ј positions and ␤-hydroxylaurate (␤-OH C12:0) at the 2 and 2Ј positions, and the acyloxyacyl chains are either laurate (C12:0) or ␤-hydroxylaurate at the 2 and 2Ј positions. This symmetric acylation pattern is similar to that of meningococci. The incorporation of acyloxyacyl fatty acids may take place before Kdo glycosylation in gram-negative bacteria that synthesize lipid A with symmetric short-chain fatty acids. Alternatively, the late acyltransferases in both organisms may display broader substrate specificity.
We demonstrated in this study that the KdtA homologue of E. coli can functionally complement the meningococcal kdtA mutation. Meningococcal KdtA exhibits 39% identity and 54% similarity with the E. coli enzyme, and the E. coli KdtA enzyme has been shown to transfer Kdo residues to analogs of E. coli lipid A with various numbers of acyl chains (four to six acyl chains) (3). Since the meningococcal lipid A is symmetrically acylated on both glucosamines, in contrast to the lipid A of E. coli, the location and length of the fatty acids of lipid A appear not to be determinants of the substrate specificity for KdtA. Recently, KdtA from Legionella pneumophila has been shown to transfer Kdo residues to lipid IV A of E. coli despite significant differences in the lipid A structures (5) .
The tetrapac cell morphology of N. meningitidis expressing only lipid A is interesting, since a meningococcal lpxA mutant which does not produce lipid A is said to have a wild-type morphology as determined by electron microscopy (43). A tetrapac phenotype described for the tpc mutation in Neisseria gonorrhoeae is believed to have a defect in murein hydrolase activity (12) . Outer membrane structure changes triggered by the marked truncation of LOS may cause a compensatory reduction in murein hydrolase activity or other cell division enzymatic activities required for septum separation. Other changes in outer membrane structure may also occur, such as a compensatory increase in membrane short-chain fatty acids (34, 42) . Capsular polysaccharide has been shown to be essential for the survival of the meningococcal lpxA mutant (42). However, we were able to generate the kdtA mutation in a capsule-deficient meningococcal background, indicating that capsular polysaccharide was not required for viability of the meningococcal kdtA mutation. The phospholipid anchor of capsular polysaccharide polymers (17) may help stabilize the outer membrane of the meningococcal mutant without endotoxin (42), but capsule is not critical when lipid A is present.
The LOS isolated from the kdtA mutant consists primarily of four unglycosylated lipid A species that reflect variability of phosphoryl substitutions in the molecule. Although we cannot completely exclude the possibility that there are other minor species that might be detected by different extraction procedures (32) , the endotoxin present in this mutant was variably phosphorylated, unglycosylated lipid A. The lipid A produced in the kdtA mutant differed in the phosphoryl substitution pattern at the 1 and 4Ј positions. Either a phosphate or a PEA group occupies each of the 4Ј positions of all four structures, while the 1 (glycosidic) position is phosphorylated in two of the four structures (Fig. 6 ). Negatively charged groups at the 1 and 4Ј positions of the lipid A disaccharide are considered to be important for interactions with divalent cations, such as Mg 2ϩ and Ca 2ϩ , forming ionic bridges that link the LPS (LOS) molecules together (18) . In some bacteria the 4Ј phosphate is missing or replaced by neutral sugars (4, 21, 36, 50) . Thus, the negative charge at the 4Ј position has been proposed to be dispensable, while the negative charge at the glycosidic position is necessary (18) . In previous studies it has been shown that wild-type meningococcal strain NMB and five LOS mutants derived from NMB with various outer core oligosaccharide compositions are all phosphorylated with either a phosphate or a PEA group at the glycosidic position (24) , while LOS from the wild-type strain, an lgtF mutant, and a galE mutant are not phosphorylated at the 4Ј position (35) . It is intriguing that lipid A from the meningococcal kdtA mutant can be unphosphorylated at the glycosidic position, suggesting that some structural requirement (e.g., glycosidic phosphorylation) may be optional in the absence of Kdo linkages.
Several lipid A analogs, either chemically synthesized or isolated from bacteria such as Rhodobacter sphaeroides and Rhodobacter capsulatus, exhibit potent endotoxin antagonistic activities (16, 33, 39, 46) . In addition, foreign acyltransferases with altered fatty acid specificities can function in heterologous bacteria. For example, the ␤-hydroxymyristate chains at the 3 and 3Ј positions of E. coli lipid A could be replaced by ␤-hydroxylaurate and/or ␤-hydroxydecanoate when a meningococcal lpxA gene was used to complement an lpxA2 allele in E. coli (31) . The finding that N. meningitidis can synthesize an intact lipid A without glycosylation suggests that this system can be a versatile expression system for assembly of diverse intact bacterial lipid A structures. The additional acid hydrolysis steps required for the removal of the inner core glycosyl linkage would be eliminated in the production of these intact lipid A structures.
In summary, we found that KdtA of N. meningitidis is not essential for lipid A production or meningococcal survival. Detailed structural characterization demonstrated that the meningococcal kdtA mutation resulted in synthesis of a fully acylated variably phosphorylated lipid A instead of the tetraacylated lipid IV A seen in gram-negative enteric bacteria. These results support the conclusion that assembly of lipid A is not the same in enteric and nonenteric gram-negative bacteria.
